Objective: To estimate mercury intake due to fish consumption among the individuals from Gipuzkoa participating in the European Prospective Investigation into Cancer (EPIC), and to validate the estimation of mercury exposure through diet, by measuring blood mercury level. Design and setting: The population for the EPIC Gipuzkoa cohort was recruited from 1992 to 1995. Each individual's diet was assessed regarding habitual intake over the previous year, using the diet history method. Blood samples were taken at the time of the interview. The mercury content of the fish species consumed was supplied by the Food Chemical Surveillance Programme in the Basque Country. Subjects: For the estimation, 8417 volunteers, men and women, aged 35±65 years, of the EPIC cohort; for the validation, a random sample of 120 individuals stratified by fish intake was taken.
Mercury can be found in three forms: elemental mercury, inorganic mercury salts (Hg 1+ and Hg 2+ ) and organic mercury 1 . Mercury is found in the Earth's crust mainly as sulphide compounds; cinnabar is the mineral richest in mercury, with a mercury content of up to 70% 2 . Mercury in the atmosphere is a result of the evaporation of mercury from the ground and from water surfaces. The burning of fossil fuels, especially coal, also contributes to increasing the level of mercury in the atmosphere and also in natural cycles. Industrial wastes are the most significant source of mercury contamination in water. Air levels are increased as a result of solid wastes such as thermometers, batteries, electrical switches, mercurybased paints, pesticides and fungicides, and burning used oil 1 . Any type of mercury compound may undergo a methylation process and turn into methylmercury through saprophyte micro-organisms found in soil and water 1 . Methylmercury is bioaccumulable in the aquatic food chain, reaching its highest concentrations in the edible tissues of larger fish, both freshwater and seawater. Methylmercury is not easily eliminated from these tissues and tends to accumulate during the life of the fish 3 . Among organic mercury compounds methylmercury is the most toxic form. It is a neurotoxic agent present in the environment 4 and can easily pass through cellular membranes, therefore having a greater neurotoxic effect than mercury salts. In fish it has been stated 1 that the proportion of methylmercury to inorganic mercury is high, of the order of 9:1.
Several studies carried out in various Western countries have indicated some variability in the mercury content of seawater and freshwater fish 5, 6 . Similarly, some authors suggest that human exposure to mercury has been increasing in recent years 7 . Different epidemiological studies indicate the significance of fish intake as fundamental in estimating exposure to mercury 8±10 , due to the high rate of retention of methylmercury (90% absorption rate). Dental fillings represent the most common source of inorganic mercury 8, 11, 12 . It has been suggested that the average daily uptake from amalgam is low, less than 1.4 mg 13, 14 . Some 90% of methylmercury is found in the red blood cells, where a small percentage is metabolised into mercury ions 1 . Total exposure is reflected in the blood, but the distribution of mercury between erythrocytes and plasma varies depending on its different chemical forms. Metallic and inorganic forms of mercury are distributed equally among erythrocytes and plasma, while exposure to methylmercury causes higher levels in erythrocytes than in plasma. As a result, mercury levels in erythrocytes (Ery-Hg) and mercury levels in plasma (P-Hg) may be used as indicators of methylmercury and inorganic mercury, respectively 4, 8, 12, 15 . Absorbed methylmercury is excreted mainly in faeces (approximately 90%) while inorganic mercury is excreted mainly in the urine 1, 16 . It is estimated that the biological half-life of methylmercury in humans is 70 days, but there are wide variations among individuals (from 35 to 189 days) 17 . A population that is not occupationally exposed to mercury nevertheless is exposed to organic and inorganic mercury from the environment, from food (mainly fish) and dental amalgams 2, 3, 6 . Among those not occupationally exposed to mercury, the most common source of mercury exposure is the diet; fish consumption is the greatest source of mercury, which logically depends on the level of contamination in each region 1,11±18 . The Basque Country, as a result of its fishing tradition, socio-cultural customs and geographic location, displays a very high consumption of fish 19 . The aims of the present study were to estimate the intake of mercury among participants in the European Prospective Investigation into Cancer (EPIC) cohort of Gipuzkoa, and also to validate the estimation of mercury exposure due to diet, obtained with the EPIC standard interview, through the blood mercury level measured in a sample of individuals.
Material and methods
Cohort participating in the EPIC study The EPIC cohort in Gipuzkoa was made up of a total of 8417 volunteers, comprised of women between the ages of 35 and 65, and men between the ages of 40 and 65, residing in the province of Gipuzkoa 20 . The main source of the population for the cohort was active blood donors (75%), complemented by other groups from the population (25%) such as civil servants, employees of large companies (13%) and the general population (12%). The recruiting period for this cohort was from October 1992 to October 1995. The information on food intake was obtained through personal interviews using the diet history method 21 , through a computerised questionnaire designed especially for the study and validated previously 22±24 . The questionnaire was structured according to occasions of food intake (breakfast, mid-morning snack, aperitif, lunch, tea, afternoon snack, dinner, and eating between meals). Information was gathered on the frequency and amounts of all foods and drinks consumed at least once every 15 days in the year prior to the interview, considering seasonal, weekend and holiday variations. The amounts were assessed through a series of 35 sets of photographs of simple foods, mixed foods and drinks in three different portion sizes. Foods without photographs were quantified using previously established criteria: units, standard kitchen measurements or photographs of similar foods.
Each one of the cohort members had 30 ml of blood drawn using three monovette syringes, two with trisodium citrate as an anticoagulant and the third without anticoagulant. Samples were processed to separate plasma, serum, buffy coat and red blood cells. The blood fractions were then aliquoted into 0.5 ml plastic tubes (straws) and stored in liquid nitrogen (21808C) until the analyses were carried out 20 . In order to ascertain the most frequently consumed species of fish, the daily amount of each species consumed by the group was calculated, along with the daily number of individual consumers.
Determination of the amount of mercury contained in fish
The mercury content of the species of fish most frequently consumed by the EPIC cohort was obtained from two sources. On the one hand, information was supplied by the Food Chemical Surveillance Programme in the Basque Country. The method used by this programme is known as the`market basket' method. The 91 products making up the market basket are purchased each month in a different town in the Basque Country. These towns are selected each year among those having over 5000 inhabitants using a random sampling system in which the probability of being selected is greater for those towns with a greater number of inhabitants 25, 26 . This programme performs periodic measurements of chemical contaminants existing in the foods that make up the average diet of the Basque population.
On the other hand, for some species, in order to complete the number of samples, ad hoc sampling was performed using a similar methodology.
The method used was based on combustion of the sample in a stream of oxygen, retention of the mercury in amalgam, liberation and determination of the element through cold vapour/atomic absorption. Total mercury was determined without differentiating between organic and inorganic. The device used was an Altech instrument, model AMA-254. The detection and quantification limits were 0.5 ng g 21 and 1.0 ng g
21
, respectively 26 .
Estimation of mercury intake for each individual in the EPIC cohort
To estimate the mercury intake for each individual in the EPIC cohort (8417), an arithmetic calculation was performed by multiplying the median amount of mercury in each species of fish by the number of grams of that species consumed per day. In order to estimate the intake of methylmercury, we assumed that the amount of methylmercury from fish was between 70% and 90% 1 .
Validation of the estimation of mercury intake
In order to validate the estimation of mercury intake, a random sample of 120 individuals stratified by fish consumption was selected from the EPIC cohort. Four strata were defined (consumption below 31 g day 21 , from 31 to 64 g day 21 , from 64 to 115 g day
21
, and greater than 115 g day
). For these individuals the concentration of Hg in erythrocytes was measured 6, 8, 9 . The method and the equipment used were the same as in analysis of the fish samples. Total mercury was determined without differentiating between organic and inorganic. The detection and quantification limits were 0.5 ng ml 21 and 1.0 ng ml 21 , respectively. In order to rule out problems due to external mercury contamination, 30 unused straws of the type normally used for biological samples were processed in the EPIC study, with Type I water (ISO 3696), a 0.8% saline solution and citrate. The blind analysis used the same processing technique described above.
Statistical analysis
The statistical tests used were non-parametric tests such as the Kruskal±Wallis test, Kendall's correlation coefficient and a multiple regression model. SPSS statistical software (version 8.0) was used for analysis of the data.
Results

Most commonly consumed species of fish and their mercury content
The average consumption of fish among those making up the cohort is 73.9 g day 21 .
Males consumed an average of 88.6 g day 21 of fish and women consumed 55.1 g day 21 . The proportion of consumers of fish was 99.01% for men and 98.61% for women. The mercury concentrations were obtained for 18 species of fresh fish including crustaceans and molluscs, three canned species, salted cod and four unspecified categories, making up 92.8% of the species most commonly consumed by the cohort as a whole ( Table 1) .
The number of samples of each species for which the mercury content was determined ranges from 6 for monkfish to 36 for Atlantic bonito/tuna, using the median of the mercury content expressed in mg kg 21 (Table 2) . in women. The mercury content in red cells followed an upward slope as the consumption of fish increased P , 0X001Y with a statistically significant relationship between fish consumption and the amount of mercury in red blood cells (Table 3) . The model that best explains the variation in mercury concentration in red blood cells as a function of the daily fish intake may be expressed as follows:
where y is the concentration of mercury in red blood cells (mg kg 21 ), a is the daily dietary intake of fish (g day
21
) and b is the daily dietary intake of vitamin E (mg day 21 ). The adoption of the multiple analysis model was confirmed by graphical study of the residuals. Different approaches were taken, and the model that best explains the variability of mercury in red blood cells is habitual consumption of fish and daily dietary intake of vitamin E. No significant improvement was found in the model for other relevant variables such as sex, age, body mass index (BMI), energy intake, vitamin C, alcohol, consumption of medicaments, and the interactions between them.
This model explained 30% of the variance and the independence. Normality and homoscedasticity of the residues were checked. (Table 4) .
If 70% of the mercury contained in fish is indeed methylmercury, 14% of the men and 8% of the women would be exceeding the maximum limit permitted by the United States Environmental Protection Agency (USEPA). The average risk index (methylmercury intake per day/ Oral Reference Dose (RfD)) is 0.60 for men, with a value of 0.49 for women. Under the hypothesis that 90% of mercury is methylmercury, these indices become 0.77 and 0.63, respectively. Therefore 25% of men and 15% of women would be exceeding the limit (Table 5) .
Discussion
These fish intake data confirm a pattern of very high consumption of fish in the Basque Country in particular 27±33 . As a result of the variability in mercury content of the fish, the value selected for performing the mercury assignments was the median. Monkfish and shrimp presented low mercury content and very low variability. Tuna and bonito, the species of the largest size, were those with the highest concentrations, reflecting the bioaccumulation of mercury in the food chain 34 . The mercury contents found were much lower than 1 ppm, the limit set by Spanish legislation 35 . These concentrations of mercury were, in general, lower than those found on the Spanish Mediterranean coast 36 .
As the consumption of fish increased, the concentration of mercury in red blood cells increased significantly (Table 3 ), in accordance with previous studies indicating that the methylmercury in blood is concentrated in red blood cells 12, 37, 38 . Several studies have shown that dental fillings can liberate mercury that may be absorbed by the digestive tract 15, 16 . We lacked statistics on the number of dental fillings in individuals in the sample, which prevents us from adjusting for this variable. Nevertheless, it has been suggested that there is not sufficient evidence that methylation of inorganic mercury is produced in live human organisms 39 , in spite of the fact that some studies 985 Mercury uptake and fish consumption do indicate this 40, 41 . Furthermore, methylmercury may undergo a low-intensity process of demethylation and turn into inorganic mercury. This would depend on the duration and intensity of the exposure to methylmercury, and the time that has passed since the period of exposure ended 16 . Vitamin E would be playing a leading role in protecting cellular membranes from methylmercury 17 . The main problem presented by the determination of mercury is the possible contamination that may occur as a result of reagents and the environment during the sample preparation process and in the subsequent chemical analysis 42 . The negative results found in the mercury determination tests performed on straws and different solutions used in the processing of biological samples exclude a possible confusion factor.
Exposure to methylmercury will vary according to the amount of it contained in the fish 43 . It has been stated that between 70% and 90% of the total mercury detected in fish is methylmercury 1 . We have considered these two values as hypotheses to estimate the risk involved in the most favourable and least favourable situation, which have been carried out by taking into consideration the values put forward for the general population by the World Health Organization (WHO) and for pregnant women by the USEPA, respectively.
Taking the PTWI (put forward by the WHO) of mercury as a reference, no individual exceeded the recommended values (5 mg kg 21 day
21
) 44 . The highest intake was reported for a man who worked in a restaurant and consumed large amounts of fish. Assuming that 90% of mercury in fish is methylmercury, this man would exceed the recommended values (3.3 mg kg 21 day 21 ) by 12% 45 . Assuming that methylmercury comprises 70% of the mercury in fish, no individual exceeded the recommended maximum (Table 4) .
The USEPA 46 suggests the Oral Reference Dose (RfD) for methylmercury to be from 0.3 to 0.1 mg kg 21 day
, based on the consideration of adverse intrauterine neurological effects on the foetus and retarded psychomotor development in the future. As such this value would only apply to pregnant women. For all that, these values have been applied to any age and sex in our cohort. Under the hypothesis that methylmercury makes up 70% of the mercury in fish and taking the limit of 0.1 mg kg 21 day 21 for the RfD, 14% of the men and 8% of the women would be exceeding the maximum daily intake. If we assume that methylmercury makes up 90% of the total mercury, 25% of the men and 15% of the women exceeded the recommended values. Taking the value of 0.3 mg kg 21 day 21 as a reference, 23 people (0.3% of the cohort) exceeded this value under the hypothesis that methylmercury is 90% of the total mercury.
We have studied the relationship between mercury ingestion and possible risks to the foetus among women in the age group 35±44 years (the only women of fertile age in our study). It has been observed that this age group has the lowest rate of fish ingestion (401 g week 21 , compared with 451.55 g week 21 among the rest of the women in the cohort). Taking as a reference point the PTWI, none of them were in a risk situation. Taking as a reference point the RfD, 6% and 13% of them exceeded the recommended levels depending on whether the level of methylmercury was 70% or 90%, respectively. But if the RfD were 0.3 mg kg 21 day 21 , none of them would be in a risk situation.
Although a variable percentage of the population in this cohort (between 10% and 20% of the cohort, depending on the most extreme risk circumstances found in the literature) may be ingesting amounts of mercury greater than the reference value (RfD), this does not necessarily imply harmful effects for health. This is because the RfD is a very conservative reference value based on theoretical considerations in a situation of extreme danger for the foetus. The RfD incorporates some degree of uncertainty, perhaps by one order of magnitude 47 . Different studies published have also shown that relatively large percentages of the population in the USA are ingesting amounts of methylmercury over this limit 33 without any apparent danger to health.
Among the different studies published regarding the intake of methylmercury and its effects on health, perhaps those having the greatest similarity with our situation are those developed among populations whose diet includes large quantities of fish. In the Seychelles islands, where 85% of the population eats seafood on a daily basis, longitudinal analyses have been carried out over different periods of time among over 700 mother-and-child pairs, 75% of which ate fish from 10 to 14 times per week. No detrimental effect was found on cognitive or language skills or on behaviour up to the age of 66 months 48 . On the other hand, the healthful effects of the consumption of fish should also be considered so as not to focus exclusively on eventual harmful effects. A diet including fish is a healthy one as it supplies high-quality proteins and, for its n-3 polyunsaturated fatty acid (PUFA), especially eicosapentaenoic and docosahexaenoic fatty acids. PUFAs are important to optimal development of the brain and retina, for proper maturing of the visual cortex and motor development in children 49 . Although not all studies indicate a protective effect, the consumption of fish reduces the risk of coronary disease 50 . Last but not least, vitamin E and selenium found in fish help to offset the effects of methylmercury 8±17 . The Oral Reference Dose (RfD) criteria must be considered with a certain degree of care, as they are based on data supplied from an outbreak of mass poisoning through contaminated cereals in Iraq in 1971 and 1972, and their use has been questioned in the calculation of risk of low-level exposure to methylmercury from the consumption of fish 51, 52 . For the future, we believe that the amount of mercury in fish must continue to be closely monitored, in order to evaluate the health risks for the population. This is especially important insofar as international trade processes are leading to increasing availability of fish for our consumption from any part of the world. Furthermore, it would be important to quantify the amount of methylmercury contained in the fish that we consume, as this is the compound that could eventually cause human health problems.
